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ABSTRACT
Supermassive black holes (SMBHs) are found in most galactic nuclei. A significant
fraction of these nuclei also contain a nuclear stellar cluster (NSC) surrounding the
SMBH. In this paper, we consider the idea that the NSC forms first, from the merger
of several stellar clusters that may contain intermediate-mass black holes (IMBHs).
These IMBHs can subsequently grow in the NSC and form an SMBH. We carry out
N-body simulations of the simultaneous merger of three stellar clusters to form an
NSC. We investigate the outcome of the simulated runs containing zero, one, two and
three IMBHs. We find that IMBHs can efficiently sink to the centre of the merged
cluster. If multiple merging clusters contain an IMBH, we find that an IMBH binary
is likely to form and subsequently merge by gravitational wave emission. We show
that these mergers are catalyzed by dynamical interactions with surrounding stars,
which systematically harden the binary and increase its orbital eccentricity. The seed
SMBH will be ejected from the NSC by the recoil kick produced when two IMBHs
merge, if their mass ratio q & 0.15. We find that the other channel, namely, dynamical
interactions between an IMBH binary and a third single IMBH, is rarely effective in
removing the seed. If the seed is ejected then no SMBH will form in the NSC. This is a
natural pathway to explain those galactic nuclei that contain an NSC but apparently
lack an SMBH, such as M33. However, if an IMBH is retained then it can seed the
growth of an SMBH through gas accretion and tidal disruption of stars.
Key words: stars: black holes – galaxies: star clusters: general – (galaxies:) quasars:
supermassive black holes – gravitational waves – methods: numerical
1 INTRODUCTION
The nuclei of most galaxies with stellar masses larger than
108 M contain either a nuclear star cluster (NSC), a super-
massive black hole (SMBH), or both. NSCs are massive and
dense stellar clusters that reside in the nuclei of their host
galaxies. They typically have effective radii of a few parsecs
with central densities of up to 107 M pc−3 (Georgiev et al.
2016; Scho¨del et al. 2018). About 80 per cent of galaxies of all
morphological types that have stellar masses in the range 108
to 1010 M harbour an NSC (see Neumayer et al. 2020, and
references therein). In many galaxies, including the Milky
Way and M31, an NSC coexists with an SMBH (Seth et al.
2008; Graham & Spitler 2009; Neumayer & Walcher 2012;
Neumayer et al. 2020). Some galaxies however, such as M33,
contain an NSC (Kormendy & McClure 1993; Gordon et al.
1999) but show no evidence for the presence of an SMBH
? E-mail: askar@astro.lu.se (AA)
in their nuclei (Merritt et al. 2001; Gebhardt et al. 2001).
Typically, elliptical galaxies with stellar masses greater than
1011 M have low nucleation fractions and contain only an
SMBH at their centre (Coˆte´ et al. 2006; Graham & Spitler
2009; Seth et al. 2020). Both NSCs and SMBHs follow tight
correlations with the properties of their host galaxies (Fer-
rarese et al. 2006; Leigh et al. 2015; Capuzzo-Dolcetta &
Tosta e Melo 2017) and this suggests that the formation
and subsequent growth of both NSCs and SMBHs could be
closely related (Antonini et al. 2015; Neumayer et al. 2020).
Two main scenarios for the formation of NSCs have
been proposed. NSCs may have formed from the merger of
infalling stellar clusters that aggregate to the galactic centre
due to dynamical friction (Tremaine et al. 1975; Capuzzo-
Dolcetta 1993; Lotz et al. 2001; Oh & Lin 2000; Agarwal &
Milosavljevic´ 2011) or they may have formed through in-situ
star formation triggered by high gas densities in the galactic
nuclei (Loose et al. 1982; Mihos & Hernquist 1994; Milosavl-
jevic´ 2004; Aharon & Perets 2015). Observations of NSCs
© 2020 The Authors
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show that they contain stars with diverse ages and metal-
licities and it is likely that both cluster infall and in-situ
star formation contribute to the growth of NSCs (Neumayer
et al. 2020).
SMBHs have masses in the range 106 − 1010 M and
their formation and growth remains an open question. It is
likely that SMBHs grew from smaller seed black holes (BHs),
however, the exact seeding mechanism and the masses of
these seed BHs are not known. These seed BHs could have
originated from the evolution of massive stars or they may
have formed with large initial masses of the order 105 M
(Volonteri 2010; Johnson et al. 2013; Greene et al. 2019). In
the former case, BHs with masses in the intermediate-mass
range of 102 − 105 M ought to have existed in order to seed
SMBHs. It has been postulated that such intermediate-mass
BHs (IMBHs) could form through dynamical processes in
dense stellar clusters such as globular clusters or young mas-
sive clusters (see Section 3.1). Due to uncertainties in their
formation mechanism, it is not clear which forms first, the
NSC or an SMBH. If an SMBH grows from lower-mass seed
BHs in dense environments then it is possible that the forma-
tion of an NSC precedes the formation of an SMBH (Davies
et al. 2011; Miller & Davies 2012; Neumayer & Walcher 2012;
Gnedin et al. 2014).
Given that an NSC may form due to the inspiral and
merger of smaller stellar clusters in the galactic nuclei, it
is likely that some of the merging clusters may have al-
ready formed a seed IMBH which could then be delivered
to the NSC (Ebisuzaki et al. 2001; Mastrobuono-Battisti
et al. 2014; Davies et al. 2020; Wirth & Bekki 2020). Once
an IMBH is delivered to the NSC, it can become a seed
SMBH that would continue to grow through tidal cap-
tures/disruption of stars (Stone et al. 2017; Alexander &
Bar-Or 2017; Boekholt et al. 2018) or through continued
gas accretion which can also contribute to the growth of
the NSC (Davies et al. 2011; Guillard et al. 2016). It is
also likely that multiple IMBHs are delivered to the grow-
ing NSC from more merging clusters. This may result in the
formation of a binary IMBH which could merge by emitting
gravitational waves (Tamfal et al. 2018; Rasskazov et al.
2019; Arca Sedda & Mastrobuono-Battisti 2019; Wirth &
Bekki 2020). Provided that the gravitational wave (GW) re-
coil kick from the merger of two IMBHs is less than the
escape speed of the NSC, the merged IMBH can be re-
tained in the NSC and can grow into an SMBH (Gu¨rkan
et al. 2006; Amaro-Seoane et al. 2007, 2017; Arca Sedda &
Mastrobuono-Battisti 2019). However, if the gravitational
recoil kick is larger than the escape speed of the cluster
then the merged IMBH will be ejected from the NSC and
the seed SMBH will be lost. Dynamical ejection of one or
more IMBHs can also occur through binary-single encoun-
ters involving three IMBHs. Therefore, these interactions
could also potentially remove a seed SMBH from an NSC.
Several studies have numerically investigated the forma-
tion of an NSC by merging stellar clusters. Hartmann et al.
(2011) carried out collisionless N -body simulations of stel-
lar clusters merging at the centre of a galactic disc to form
an NSC that had properties comparable to observed NSCs.
Miocchi et al. (2006); Capuzzo-Dolcetta & Miocchi (2008)
carried out simulations of clusters infalling in a galactic cen-
tre and showed that they can survive strong tidal interac-
tions and merge to form dense NSCs. Antonini et al. (2012)
carried out N -body simulations to follow the successive in-
spiral and merger of twelve globular clusters in an initial
setup which included a low-density nuclear stellar disc and
an SMBH similar in mass to Sagittarius A*. They found that
the NSC produced from these merging clusters had proper-
ties similar to those of the Milky Way NSC, and concluded
that nearly half of the stars in the Milky Way NSC origi-
nated from merging clusters while the rest probably formed
in-situ. Mastrobuono-Battisti et al. (2014) used the same
initial set-up as Antonini et al. (2012) but included IMBHs
at the centre of their merging clusters. They found that the
IMBHs inspiral to the core of the NSC where they inter-
act with surrounding stars and each other. The inclusion of
IMBHs shortens the relaxation time of the NSC and also in-
creases the rate of tidal disruption events. Arca-Sedda et al.
(2015) also carried out simulations of merging stellar clusters
with the goal to model the future evolution of the galactic
nucleus in Henize 2–10. With the exception of one run, they
also had an existing SMBH in their galactic nuclei. They
found that an NSC forms in all their models and in the sim-
ulated run without an SMBH, the most massive infalling
clusters lose less mass as they decay towards the galactic
centre.
Semi-analytical models have also been developed to in-
vestigate the formation of NSCs through mergers of globu-
lar clusters that undergo dynamical friction (Antonini 2013;
Gnedin et al. 2014). The results from these models are able
to reproduce some of the observed properties of NSCs (Neu-
mayer et al. 2020). Using models for galaxy formation that
included prescriptions for NSC formation and dynamical
heating from massive BHs, Antonini et al. (2015) were able
to account for low nucleation fractions in massive elliptical
galaxies.
In this work, we focus on the formation of an NSC
through mergers of stellar clusters. We carry out several
N -body simulations to follow the final stages of an ideal-
ized merger of three stellar clusters with no existing SMBH.
Firstly, we merge clusters that only contain stars (Section 2);
then we include various combinations of IMBHs at the cen-
tre of the merging clusters to investigate how IMBHs would
evolve within the merged cluster. In Section 3, we describe
runs in which there is a single IMBH in the three merg-
ing clusters and also discuss various mechanisms by which
IMBHs can form in dense star clusters (Section 3.1). In Sec-
tions 4 and 5, we present results from runs in which the
initial set-up contains two and three IMBHs. We find that
in these runs, we can form a binary IMBH that hardens
and becomes more eccentric as it interacts with surrounding
stars. By reaching high orbital eccentricities, these binaries
can efficiently merge due to GW emission within several hun-
dred Myr. The evolution of the orbital parameters of these
binaries are discussed in Section 4.1.
In Section 6, we describe important processes such as
GW recoil kicks (Section 6.1) and strong scattering encoun-
ters (Section 6.2) between IMBHs that can influence the
retention of seed SMBHs in NSCs. We argue that there are
two routes that endow galaxies with an NSC but no SMBH.
Firstly, they may never have had a seed IMBH; i.e. none
of the clusters that combine to form the NSC contained an
IMBH. The second possibility is that the seed SMBH may
have been ejected whilst it was still growing. If a seed IMBH
is retained in the merged cluster then it can grow within the
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NSC to become an SMBH. In a subsequent paper, we use
the results presented here to model the retention and growth
of seed SMBHs in a population of galaxies where the NSC
is constructed through the merger of stellar clusters.
2 SIMULATING MERGING STELLAR
CLUSTERS
We simulate the final stages of an idealized merger of three
stellar clusters to form an NSC. In Section 2.1, we describe
the details of our simulation set-up for three merging clus-
ters and briefly describe how these clusters evolve in Section
2.2. In the runs presented in this paper, there is no existing
SMBH and there is no galactic tidal field.
2.1 N -body simulations: Set-up and Initial
Conditions
We use a series of direct N -body simulations of the merger of
three stellar clusters. We consider a range of cases where var-
ious combinations of the three merging clusters initially con-
tain an IMBH at their centre. The simulations were carried
out using the NBODY6++GPU (Wang et al. 2015) code.
This is an extension of the well-known NBODY6 code de-
veloped by Aarseth (1999); Aarseth (2003) and its GPU ac-
celerated version NBODY6GPU code (Nitadori & Aarseth
2012) for simulating star cluster evolution.
NBODY6++GPU uses the fourth-order Hermite inte-
gration method together with hierarchical block time steps.
In order to speed up force calculations, the code uses Ahmad
& Cohen (1973) neighbor scheme that separates integration
of regular and irregular forces using large time-steps and
small time-steps respectively. NBODY6++GPU combines
GPU acceleration with MPI parallelization so that the code
maybe used across multiple nodes on computer clusters. The
code can accurately treat binary systems and close encoun-
ters through the Kustaanheimo & Stiefel (1965) and chain
regularization (Mikkola & Aarseth 1993) algorithms. It also
contains prescriptions for stellar and binary evolution based
on the SSE and BSE codes (Hurley et al. 2000, 2002).
Using NBODY6++GPU we generated three initial
models for stellar clusters comprising 50 000, 30 000 and
15 000 particles. Each of these was a Plummer model consist-
ing of single stars with masses between 0.5 and 2 M. Within
this range, the zero-age-main sequence (ZAMS) masses were
sampled using a power law initial mass function with α = 2.3
(Kroupa 2001). Initial ZAMS radii for the stars were gen-
erated for a metallicty of Z = 0.001 ([Fe/H] = −1.301). The
initial half-mass radii of the clusters were about 2.4 pc. For
each of the three stellar clusters, we also generated models
that, in addition to stars, contained a central IMBH of 1000,
500, 200, or 100 M.
Using these three initial models, we set-up an initial
model which is meant to represent the final stage of the
merger of three stellar clusters. We place the cluster with
50 000 particles in the centre, the cluster with 30 000 parti-
cles is offset in the X direction by 20 pc from the centre, and
the cluster with 15 000 particles is offset in the X direction
by -20 pc. In order to place the clusters with 30 000 parti-
cles and 15 000 particles on sub-circular orbits around the
central cluster, we added offsets to the Y component of the
Figure 1. X − Y particle plot showing the initial set-up for the
three merging clusters described in Section 2.1. Red particles are
stars that belong to the cluster placed in the centre with 50 000
stars, the green particles belong to the cluster with 30 000 stars
which is offset in the X direction by 20 pc and the blue particles
belong to the cluster with 15 000 stars which is offset in the X
direction by -20 pc.
initial velocities of -2.8 and 1.4 km s−1 respectively. Fig. 1,
is a particle plot showing the initial X − Y positions of the
three clusters. The two 30 000 and 15 000 particle clusters
were placed sufficiently close to the central cluster so that
they both fill their Roche-lobe and merge with the central
cluster on a dynamical timescale.
In this section, we present a run where the merging clus-
ters contain only stars. We then add IMBHs to this initial
set-up in order to differentially measure the effects of IMBH
inclusion. In Section 3, we describe the runs with one IMBH.
In Sections 4 and 5, we describe runs that contain two and
three IMBHs. The runs have been named in the format X.i,
where X indicates the number of IMBHs in that run and i is
the run number. So 0.1, is the run which contains no IMBH,
1.2 is the second run with initially one IMBH. In total we
have eleven simulations comprising one run with no IMBH
(0.1), three runs with one IMBH (1.i), four runs with two
IMBHs (2.i), and three runs with three IMBHs (3.i).
2.2 Evolution of merging clusters without IMBHs
Within the first few time steps, the two infalling clusters
begin to merge into the central cluster. As the merger pro-
ceeds, the infalling clusters produce large tidal tails of stars,
some of which gradually return and fall in to the central
cluster. We simulated the model up to 375 Myr, by which
time all the three clusters had merged into a single cluster
with a dense core. In Fig. 2, we show particle plots at 28.8
Myr and 360 Myr. At 28.8 Myr, the tidal tails of stars from
MNRAS 000, 1–15 (2020)
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Figure 2. Particle plots in the X −Y plane for model 0.1, which contains no IMBHs. The different colours represent stars from the three
initial clusters as shown in Fig. 1. The left panel shows the clusters spiralling together at 28.8 Myr. The right panel shows the resulting
single, merged cluster at 360 Myr. The core of the cluster appears blue owing to a plotting artefact: the core is a mixture of stars from
all the three stellar clusters.
the infalling star clusters with 30 000 and 15 000 stars can
be seen in green and blue respectively. At 360 Myr, we find
that the final merged cluster now has a core containing stars
from all the three merged clusters and there are no visible
tidal tails in the vicinity of the cluster.
In Fig. 3, we compare the density profile of the merged
cluster at 360 Myr to the initial density profiles of the three
individual merging clusters in Fig. 3. The merged cluster at
360 Myr has a slightly larger central density than the initial
clusters. This increase in density of the merged cluster due to
gravitational encounters is also reported by Antonini et al.
(2012) and Mastrobuono-Battisti et al. (2019).
3 MERGING STAR CLUSTERS WITH ONE
IMBH
3.1 IMBH formation in globular clusters
It has been hypothesized that IMBHs of 102 − 104 M may
form in the dense environments of globular clusters (see
Greene et al. 2019, and references therein), either through
runaway mergers of massive stars that may lead to the for-
mation of a seed IMBH (Portegies Zwart & McMillan 2002;
Gu¨rkan et al. 2004; Freitag et al. 2006; Giersz et al. 2015;
Mapelli 2016; Gieles et al. 2018; Tagawa et al. 2020; Alister
Seguel et al. 2020), or through the gradual growth of stellar-
mass BHs via mergers with other BHs or stars (Miller &
Hamilton 2002; Giersz et al. 2015). Seed BHs of 102−103 M
can grow to larger masses through tidal capture and disrup-
tion events in dense clusters (Stone et al. 2017; Alexander
& Bar-Or 2017; Sakurai et al. 2019). Moreover, stellar-mass
seed BHs can also grow by accretion of gas in primordial,
gas-rich, massive stellar clusters (Leigh et al. 2013). Obser-
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Figure 3. Density profiles for the three merging clusters at t = 0
and the merged cluster at 360 Myr (black line). The red coloured
line shows the initial density profile for the central cluster with
50 000 stars, the green line corresponds to the more massive in-
falling cluster that contains 30 000 stars, and the blue line cor-
responds to the cluster with 15 000 stars. The merged cluster at
360 Myr is more radially extended and has a denser core than the
three initial merging clusters.
vationally, identifying the presence of an IMBH in a stellar
cluster is challenging and kinematic studies searching for
the presence of IMBHs in Galactic GCs have yielded in-
conclusive results (Lu¨tzgendorf et al. 2013; Lanzoni et al.
2013; Mezcua 2017). Searching for accretion signatures of an
IMBH in Galactic GCs using radio observations has also not
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found any evidence for IMBHs (Strader et al. 2012; Tremou
et al. 2018). Lin et al. (2018) identified an IMBH candidate
in an extragalactic massive star cluster through an X-ray
flare that originated from a tidal disruption event. Addi-
tionally, a few low mass SMBHs have also been observed in
galactic nuclei. Baldassare et al. (2015), used optical and X-
ray observations to identify a BH with a mass of 5×104 M in
the dwarf galaxy RGG 118. Nguyen et al. (2019) constrained
the mass of a BH at the centre of the dwarf elliptical galaxy
NGC 205 to be less than 7 × 104 M. Recent observations
of molecular gas streams in the Galactic centre have also
identified possible IMBH candidates (Takekawa et al. 2019,
2020).
Monte Carlo simulations of globular cluster models by
Giersz et al. (2015) using the mocca code (Hypki & Giersz
2013; Giersz et al. 2013) showed that an IMBH may grow
in a globular cluster through direct collisions and dynamical
interactions between a BH and other objects. In Giersz et al.
(2015), two scenarios for IMBH formation are described, the
“fast” and “slow” scenarios. In the fast scenario, an IMBH of
102 −104 M forms in initially dense globular cluster models
– those with central densities of & 107 M pc−3. In a sig-
nificant fraction of these simulations, the IMBH formation
occurs within tens of Myr due to runaway mergers between
massive main-sequence stars (Portegies Zwart & McMillan
2002) leading to the formation of a massive star which ab-
sorbs a stellar-mass BH. These models assume that all of
the mass of the main-sequence star is transferred to the
BH in such mergers, facilitating the formation of the seed
IMBH. Additional simulations from Giersz et al. (2015) in
which only 25 per cent of the main sequence star mass is
accreted by the BH in the case of such mergers also lead to
the formation of an IMBH. In the “slow” scenario, a stellar-
mass BH grows gradually through mergers with other BHs
or through tidal disruption of stars during core collapse. In
these models, the core collapse occurs after few to several
Gyr of cluster evolution in models that are initially not too
dense (Arca Sedda et al. 2019). The fraction of these sim-
ulated models that form an IMBH with a mass of at least
100 M correlates with the initial mass of the cluster. About
20 per cent of clusters with an initial mass of around 105 M
form an IMBH. This fraction increases to about 50 per cent
for models with an initial mass of around 106 M.
In Fig. 4, we show the evolution of the most massive BHs
in mocca simulations of stellar cluster models that formed
a BH larger than 100 M. These models had initially 105
stellar systems (binary systems + single stars) and differ-
ent initial parameters. Details of the initial model set-up for
the mocca-Survey Database I can be found in Askar et al.
(2017). The median IMBH mass in these clusters after 100
Myr of evolution is a few hundred solar masses. The num-
ber of stars and the total mass in these simulations depend
the initial binary fraction which varied between 5 and 95
per cent. The initial masses of the clusters plotted in 4 are
between 5.85 − 9.12 × 104 M. For these models, the IMF is
sampled between 0.08 and 100 M.
3.2 Merging clusters that contain 1 IMBH (1.i
runs)
We simulated three runs which had the same set-up as the
run described in Section 2.2, but with an IMBH in the centre
 10
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IM
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 M
as
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N = 1 × 105
Median Value
Figure 4. Masses of IMBHs as functions of time produced in clus-
ters initially containing 1.0×105 stars. The results are taken from
the Monte-Carlo N-body code mocca and the mocca-Survey
Database I project (Askar et al. 2017). Each grey line represents
a different simulation. The black line shows the median IMBH
mass over the model set.
Table 1. In this table we describe the runs that contain one
IMBH. The first column contains an identifier for the run, the
second column contains the time up to which the simulation was
run in Myr. The third column contains the total mass of the
merging clusters. Columns 4 to 6 give the IMBH mass in the run
and also describe the position of the IMBH in the initial set-up.
IMBH1 indicates that the IMBH was initially at the centre of the
cluster with 50 000 stars, IMBH2 is initially at the centre of the
cluster with 30 000 stars, and IMBH3 is at the centre of the cluster
with 15 000 stars.
Run Time Total Mass IMBH1 IMBH2 IMBH3
[Myr] [M] [M] [M] [M]
1.1 101 8.50 × 104 1000 0 0
1.2 357 8.45 × 104 0 500 0
1.3 551 8.42 × 104 0 0 200
of one of the merging clusters. The IMBH mass and the clus-
ter to which we added it are described in Table 1. In these
runs, the IMBH mass was taken to be a reasonable fraction
of the total cluster mass. We consider IMBHs of 1000 M,
500 M and 200 M that are consistent with IMBH masses
after few hundred Myr in mocca simulations with initially
40 000 to 105 objects (Arca Sedda et al. 2019).
We find that runs 1.1,1.2 and 1.3 evolve in a similar way
to run 0.1. Since the mass of the IMBH is much smaller than
the total mass of the merging clusters, presence of the IMBH
does not significantly affect the cluster evolution. Hence,
the properties and appearance of the merged cluster are the
same as run 0.1.
In run 1.1, the IMBH was already at the centre of the
most massive cluster that we placed in the middle while
in runs 1.2 and 1.3 it was brought along with the two less
massive infalling clusters. In all the runs, the IMBH ends up
in the cluster centre due to mass segregation. Since M? 
MIMBH, dynamical friction is efficient at bringing the IMBHs
to centre of the merged cluster. We find that in run 1.2, the
MNRAS 000, 1–15 (2020)
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Table 2. This table describes the four runs that contain two
IMBHs. The description of the columns is the same as it was for
Table 1.
Run Time Total Mass IMBH1 IMBH2 IMBH3
[Myr] [M] [M] [M] [M]
2.1 716 8.55 × 104 1000 500 0
2.2 763 8.50 × 104 1000 100 0
2.3 590 8.52 × 104 1000 200 0
2.4 745 8.47 × 104 0 500 200
500 M IMBH, that was initially at the centre of the infalling
cluster with 30 000 stars, arrives at the centre of the merged
cluster in about 20 Myr. In run 1.3, a 200 M IMBH was
placed at the centre of the infalling cluster with 15 000 stars
and it arrives at the centre of the merging cluster in about
38 Myr. These runs show that the IMBHs brought along by
merging stellar clusters can effectively sink to the centre of
an NSC within a few tens of Myr from the beginning of the
merger.
4 SIMULATIONS CONTAINING TWO IMBHS
(2.I RUNS)
If NSCs are built up from multiple merging stellar clusters
then it is possible that some of these clusters have formed
IMBH in their centres through the mechanisms described in
Section 3.1. In that case, multiple IMBHs may be delivered
to the galactic nucleus by merging stellar clusters. To check
how multiple IMBHs evolve within the merged clusters, we
also carried out runs in which we placed two or three IMBHs
at the centre of the merging clusters. The evolution of the
runs containing two IMBHs are described in this Section.
Using the same initial set-up for three merging clusters
described in Section 2.1, we set-up four runs in which we
placed IMBHs at the centre of the two of the three merging
clusters. In three of these runs (labelled 2.1 to 2.3), the cen-
tral cluster with 50 000 particles contains an IMBH of 1000
M and the first infalling cluster, with 30 000 particles, con-
tains IMBHs of masses 500 M (run 2.1), 100 M (run 2.2)
and 200 M (run 2.3). In the run labelled 2.4, the central
cluster does not contain an IMBH; instead, the infalling clus-
ters with 30 000 and 15 000 particles contain IMBHs of 500
M and 200 M respectively. The set-up of these runs is
summarised in Table 2.
The left panel in Fig. 5 shows the instantaneous sepa-
ration of the two IMBHs as a function of time for the first
100 Myr. The non-smooth lines in the left panel are due
to the orbital eccentricity of the binary IMBH system. For
models labelled 2.1 to 2.3, the binary forms within 20-30
Myr. The model with the most massive secondary IMBH
(2.1), segregates and finds the primary IMBH within 20 Myr
and the model with the least massive secondary IMBH (2.2)
takes slightly longer to form a binary system with the pri-
mary IMBH. For the model labelled 2.4, there was no central
IMBH so the initial separation between the two IMBHs is
about 40 pc. For this run, it takes the IMBHs about 100
Myr to form a close binary system.
The right panel in Fig. 5 shows the evolution of the
mass enclosed between the two IMBHs as a function of time
in the four 2.i runs. The enclosed mass is calculated by sum-
ming up the mass of stars that are enclosed within a sphere
centred around the midpoint between the two IMBHs and
its radius is given by the length of this midpoint between
the two IMBHs. At the end of the lines, the IMBH binaries
have evacuated all of the stars originally contained within
their orbits by scattering them away.
We follow the evolution of the merging clusters for sev-
eral hundred Myr. The long-term evolution of the semi-
major axis and the orbital eccentricity of the binary IMBH
in each of the 2.i runs is shown in the left panel of Fig. 6. We
find that in all these runs, the binary hardens with time and
over the course of a few hundred Myr, the binary semi-major
axis decreases from a few thousand AU to a few tens of AU.
The binary hardens by scattering away stars in 3-body in-
teractions. We find that in all the runs, this scattering away
of stars by the binary also leads to systematic growth in its
orbital eccentricity. The right panel in Fig. 6 shows evolution
of the semi-major axis and the eccentricity of the binary in
the 2.i runs. The evolution of the binary IMBH and the rea-
son for the increase in eccentricity are discussed in Section
4.1. The merger timescale due to GW emission strongly de-
pends on the orbital eccentricity of a binary. As eccentricity
approaches unity, the time needed for a binary to merge due
to gravitational radiation emission decreases significantly as
it depends on (1 − e2) 72 (Peters 1964).
From the right panel in Fig. 6, it can be seen that the
eccentricity for the binary IMBH in runs 2.2 and 2.3 reaches
very high values with 1− e being less than 10−3. The merger
time due to GW emission for binaries with these eccentric-
ities is less than a few hundred Myr. For runs 2.1 and 2.4,
the eccentricity does not reach such high values, hence these
binaries will take up to a few Gyr to merge. The main differ-
ence between runs 2.2, 2.3 and runs 2.1, 2.4 is the eccentricity
at the formation of the binary. Runs 2.2 and 2.3 form with
moderately high eccentricity while the formation eccentric-
ity is lower for runs 2.1 and 2.4. The initial eccentricity is
driven by motion of the IMBH during the early phase of its
inspiral and determines whether the binary can reach a high
eccentricity state within a Gyr in order to effectively merge
due to GW radiation.
4.1 Dynamically-driven evolution of binary
IMBHs
A binary IMBH in one of our simulations forms at moder-
ate to high eccentricities, immersed in a sea of lower-mass
stars. As it interacts with those stars it loses energy and the
binary’s orbit hardens, but it also either becomes more ec-
centric or maintains a high eccentricity (see Fig. 6). Other
authors have observed this phenomenon of eccentricity-
pumping; e.g. Arca Sedda & Mastrobuono-Battisti (2019)
in IMBH binaries, Rastello et al. (2019) in stellar mass BH
binaries and Khan et al. (2012, 2018); Ogiya et al. (2020);
Bonetti et al. (2020) in SMBH binaries. In each case the
distinguishing feature is that the bodies that make up the
binary are more massive than the bodies with which the bi-
nary is interacting. We investigated to see whether this is a
general effect.
Our binaries are, at least initially, too wide for general
relativistic effects to play a significant role in their orbital
MNRAS 000, 1–15 (2020)
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evolution. Hence changes of semi-major axis a and eccentric-
ity e are driven by interactions with stars. Such interactions
can be with the smooth potential arising from the combined
effects of many stars; alternatively, strong scatterings with
individual stars can also change the binary’s orbit. It is the
second effect that we consider here.
The binary IMBH that we form is, within a short time
frame, dynamically hard (strongly bound). This means that
it cannot be disrupted by an encounter with an individual
star, and that the net effect of encounters is to harden the
binary further. It is convenient to analyse the effect on the
binary orbit by considering the interaction between one of
the two IMBHs and a star. These encounters systematically
act in the opposite direction to the relative motion of the star
and the IMBH. Since the binary orbital velocity vorb & σ,
where σ is the stellar velocity dispersion, this, on average,
slows the IMBH along its original direction of motion. It
also imparts a small additional momentum in a direction
perpendicular to the IMBH’s original direction of motion,
the plane of which depends on the initial velocity of the
incoming star.
We consider for now solely the braking component of
the encounter and analyse its effect on the orbit at peri-
centre and apocentre. At pericentre, slowing the motion of
one of the stars does not affect the pericentre separation,
rperi = a(1 − e), since the resulting orbit is closed, but de-
creases a. Hence braking encounters at pericentre circularise
an orbit, as seen in, for example, the effects of tides on binary
star orbits. Conversely, braking encounters at apocentre do
not change the apocentre separation, rapo = a(1+ e), but de-
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crease the semi-major axis. This drives the orbit to higher
eccentricities. This means that for purely braking encoun-
ters, the ratio of the rate of encounters around pericentre to
that around apocentre will determine whether the orbit is
driven to lower or higher eccentricities. For a binary embed-
ded at the centre of a uniform-density sea of low-mass parti-
cles, as in Chandrasekhar’s derivation of dynamical friction,
the binary spends longer time at apocentre than pericen-
tre, and hence more encounters happen at apocentre. Hence
as long as a is smaller than the scale on which the stellar
density changes we would expect encounters with low-mass
stars to drive the binary to higher eccentricities.
However, as Fig. 5 shows, this is not an appropriate
description of the physical scenario in which our binaries
find themselves. After a short space of time they have scat-
tered out all the stars within their orbits. Further orbital
evolution is driven by stochastic encounters with stars that
are scattered in from outside. Hence we construct a toy
model of these scatterings to investigate whether it behaves
like our N-body simulations. We draw stars from the same
mass function as in our simulations, a power-law with index
γ = −2.3 between 0.5 M and 2 M. Following an inspec-
tion of the kinematic properties of the stars within 0.1 pc
of the central binary in our N-body models, we take the
stars to have a mass density ρ = 104 M pc−3. Their veloc-
ities follow a Maxwellian distribution with σ = 15 km s−1.
We choose impact parameters b distributed uniformly in b2
up to bmax ≡ b˜maxa with b˜max = 100. The time between en-
counters is exponentially distributed with a mean interval of
∆¯t =
1
nσpib˜2maxa2
. (1)
We consider encounters between the star and one of the
two BHs, chosen at random. For each encounter we choose a
uniformly distributed mean anomaly for the central binary
and solve the Kepler problem to obtain the position of our
chosen IMBH in the binary centre of mass frame. The en-
counter between the star of mass m and the IMBH of mass
M acts to change the velocity of the IMBH parallel and per-
pendicular to the relative velocity of the IMBH and star
following (Binney & Tremaine 2008, eq. 3.54)
|∆vM⊥ | = 2mV0M + m
b/b90
1 + (b/b90)2
(2)
and∆vM ‖  = 2mV0M + m 11 + (b/b90)2 (3)
where the relative velocity is V0 and
b90 =
G(M + m)
V20
. (4)
position of IMBH in binary COM frame.
Since the stars should approach the binary with isotrop-
ically distributed velocity vectors we pick a perpendicular
direction uniformly distributed on a circle. We then apply
the effects of the encounter to the IMBH’s velocity vector,
recompute the orbital elements of the binary, and repeat.
The resulting evolution of the orbital elements for our
model of run 2.2 are shown in Fig. 7. The model qualitatively
captures some of the key features of the evolution. In roughly
101001000
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e
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Figure 7. Comparison of toy model with N-body model. The
plot shows the semi-major axis a vs 1−e up to a time of 763 Myr,
starting when the binary formed. The black line shows results
from the N-body model for binary 2.2 and the pink line shows
the results from the toy model.
the correct time span the binary is driven together, with the
orbital semi-major axis shrinking by a factor of about 300.
At the same time the binary is maintained at very high
eccentricities, but the eccentricity fluctuates considerably as
the IMBH, almost stationary at apocentre, is buffeted by the
incoming stars. There are two deficiencies to the toy model.
The eccentricity is still driven to higher values than in the
N-body run, and the orbit does not shrink enough. Both of
these differences can be attributed to only considering the
effect of the encounters on one of the IMBHs at a time. In
reality, weak encounters at large impact parameters torque
both stars, systematically removing more energy from the
binary and reducing the impact on the eccentricity, since the
two IMBHs will be scattered in roughly the same direction.
However, the degree of qualitative agreement that we do
see in Fig. 7 confirms that the eccentricity pumping is a
physical effect owing to the processes that we describe and
not a manifestation of numerical problems in the N-body
code.
5 SIMULATIONS CONTAINING THREE
IMBHS (3.I RUNS)
We simulated three runs in which each of the three stellar
clusters in our original set-up (Section 2.1) initially had an
IMBH at its centre. The masses of the IMBHs in the three
merging stellar clusters were 1000, 500 and 200 M. The
configuration of the IMBHs in the runs and the time for
which they were run are given in Table 3.
In run 3.1, the central star cluster with 50 000 par-
ticles hosted a 1000 M IMBH, and the infalling clusters
with 30 000 and 15 000 particles contained 500 and 200 M
IMBHs respectively. In run 3.2, the initial position of the
1000 M IMBH was swapped with the 500 M IMBH. In
run 3.3, the central star cluster with 50 000 particles contains
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Table 3. Table showing the 3 simulated merging stellar cluster
models that contain 3 IMBH. The description of columns is as
that in Table 1
Run Time Total Mass IMBH1 IMBH2 IMBH3
[Myr] [M] [M] [M] [M]
3.1 1511 8.57 × 104 1000 500 200
3.2 832 8.57 × 104 500 1000 200
3.3 939 8.57 × 104 200 500 1000
the 200 M IMBH while the least massive stellar cluster with
15 000 particles hosts the 1000 M IMBH.
In all of the three runs, the 1000 and 500 M IMBHs
segregate to the centre of the merged cluster to form a binary
IMBH. We show the separation between the three IMBHs
in Fig. 8.
Similar to the 2.i runs, the two IMBHs end up forming
a binary on timescales of a few tens of Myr. In all these
runs, the two most massive IMBHs end up in a binary at
the centre of the merged cluster. In runs 3.1 and 3.3, the
200 M IMBH also sinks to the centre and reaches a separa-
tion of 10−2 pc from the binary IMBH. In both these runs,
the 200 M IMBH is ejected from the merging clusters be-
cause of a strong encounter with the binary IMBH.
5.1 Run 3.1: Multiple strong binary-single IMBH
scatterings
In run 3.1, we find that the third IMBH undergoes multiple
strong encounters with the binary IMBH. The X − Y posi-
tion plot of the three IMBHs in run 3.1 is shown in Fig. 9.
The binary IMBH forms with an eccentricity of 0.4. Initially,
the evolution of the binary is similar to run 2.1 and we find
that its eccentricity gradually increases as the semi-major
axis decreases. However, frequent interactions with the third
IMBH significantly modify the eccentricity evolution, as seen
in Fig. 10. When the binary has a semi-major axis of around
200 AU, we see large changes in the eccentricity of the binary
which are caused by interactions with the 200 M IMBH.
The interaction which leads to the ejection of the 200 M
IMBH takes place at about 580 Myr (see Fig. 8, leftmost
panel). The binary remains intact and bound to the clus-
ter, however, its trajectory within the cluster changes. The
strong scattering that ejects the 200 M IMBH also causes
a sharp decrease in eccentricity of the binary IMBH. The
semi-major axis of the binary IMBH is 50 AU at this time.
Subsequently, the eccentricity gradually increases again and
evolves similarly to the 2.1 run. However, the hardening of
the binary is slower compared to run 2.1 because the recoil
from the ejection (see Section 6.2) puts the binary in a part
of the cluster where the background stellar density is lower.
The density of stars inside a box of 1 pc around the centre of
mass of the binary IMBH at 582 Myr (shortly after the ejec-
tion) was 340 M pc−3 for run 3.1, compared to 1126 M pc−3
in run 2.1. The slower hardening of the binary in run 3.1 af-
ter 580 Myr can also be seen in Figure 11, which shows the
evolution of the binding energy of the binary IMBHs in runs
2.i and 3.i. This slower hardening of the binary IMBH in-
creases the time needed for it to merge due to GW radiation.
Extrapolating the evolution of the semi-major axis and ec-
centricity of the binary, we estimate a merger time of around
6000 Myr.
5.2 Run 3.2: Tidal stripping of third IMBH
prevents triple formation
In run 3.2, as the merging clusters spiral in together, the 200
M IMBH is put on a wide orbit along with stars that are
stripped away from its host cluster. The 200 M IMBH never
comes close to the inner binary and hence does not affect its
evolution. The semi-major axis and eccentricity evolve in a
similar way to run 2.1, since the eccentricity of the binary
at formation time is similarly low (0.2 for run 3.2 compared
to 0.1 for run 2.1).
5.3 Run 3.3: Early ejection of the 200 M IMBH
In run 3.3, the 200 M IMBH is ejected following an interac-
tion with the binary IMBH at around 90 Myr. At this time,
the semi-major axis of the binary is about 200 AU (∼ 0.001
pc; see Fig. 8). Prior to the ejection, the eccentricity of the
binary fluctuates due to dynamical interactions with the 200
M IMBH. Following this interaction, the eccentricity and
semi-major axis of the binary evolve in a similar way to
run 2.1. Unlike run 3.1, the interaction that ejects the third
IMBH occurs earlier in the evolution of the system when
the binary semi-major axis is large. This leads to a lower
recoil velocity for the binary and it remains in the centre of
the merging cluster where the background stellar density is
high.
5.4 Summary of simulations containing three
IMBHs
In summary, the 3.i runs show diverse outcomes. In run 3.1,
the third IMBH stays within the merged cluster for a few
hundred Myr before it is ejected in a binary-single scattering.
In run 3.2, the lowest mass IMBH ends up on a wide orbit
and never dynamically interacts with binary IMBH. In run
3.3, the binary IMBH and the third IMBH have a strong
encounter that leads to the ejection of third IMBH within a
100 Myr from the start of the simulation; again, it does not
affect the subsequent evolution of the binary.
Similarity in the hardening of the binary IMBH in
runs 2.1, 3.2 and 3.3 can be seen in Fig. 11. The bind-
ing energy of the IMBH binaries (1000 M - 500 M)
in all three runs increases at a nearly constant rate of
1.1 × 104 M km2 s−2 Myr−1. In comparison, for run 3.1,
the binary hardens at a slower average rate of 7.6 ×
103 M km2 s−2 Myr−1. As discussed in Section 5.1, the bi-
nary IMBH strongly interacts with the 200 M IMBH at
580 Myr leading to its ejection. The binary recoils into re-
gions with a lower background stellar density which slows
the rate at which it hardens.
6 THE FATES OF IMBHS IN MERGING
STELLAR CLUSTERS
In this section, we discuss the fates of IMBHs that are de-
livered to the centre of a galaxy. In the runs presented in
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Figure 9. X − Y position of the 3 IMBHs in run 3.1. The 1000
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repeatedly until it is finally ejected.
Sections 4 and 5 we show that multiple IMBHs could po-
tentially be delivered to the NSC. Whilst we expect that a
single IMBH would always be retained in the NSC follow-
ing delivery, two additional mechanisms can act if multiple
IMBHs are present.
In both the 2.i and 3.i runs, we find that a binary IMBH
forms and gradually hardens and becomes more eccentric.
These binaries can efficiently merge through GW radiation
on timescales of a few hundred Myr to a few Gyr. How-
ever, the merger will lead to a recoil kick from asymmetric
emission of gravitational waves (Fitchett 1983; Merritt et al.
2004). This kick could remove the merger product from the
NSC, leaving behind no seed black hole to grow into an
SMBH. In Section 6.1, we discuss gravitational recoil kicks
and the role they play in removing IMBH from the NSC.
Binary-single scatterings involving IMBHs could lead
to the ejection of the single IMBH from the cluster, and
possibly also the ejection of the binary. In Section 6.2, we
discuss binary-single encounters involving three IMBHs, the
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Figure 10. Semi-major axis vs 1-eccentricity of the inner binary
IMBH containing the 1000 M and 500 M IMBH in 3.i runs. The
cyan line is for run 3.1, the violet line is for run 3.2 and the dark
violet line is for run 3.3.
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possible outcomes, and their dependence on the properties
of the interacting IMBHs.
If an IMBH is retained in the NSC then it can seed the
formation of an SMBH. In Section 6.3, we discuss the main
processes by which an IMBH could grow in an NSC in order
to become an SMBH. In Section 6.4, we discuss the caveats
and limitations of the runs that we presented and how they
may impact the results.
6.1 GW recoil kicks and IMBH retention
In Sections 4 and 5, we found that in all of our runs that con-
tained two or more IMBHs, a binary IMBH forms within a
few tens of Myr, which then gradually hardens and becomes
more eccentric by scattering away stars (Section 4.1). The
merger time for a binary inspiralling due to GW radiation
(Peters 1964) is given by:
τgr ' 1010 yr
(
abin
3.3R
)4 1
(m1 + m2)m1m2
·
(
1 − e2
)7/2
(5)
where abin is the semi-major axis of the binary, e is the
eccentricity, and the masses of the two black holes are m1
and m2 in solar mass.
As the eccentricity of the binary increases, the GW in-
spiral time given by Equation 5 decreases. We find that for
runs 2.2 and 2.3, the binaries will merge within 500 Myr from
the start of the simulation. Extrapolating, the evolution of
the semi-major axis and eccentricity for the binary in runs
2.1, 3.2 and 3.3, we estimate the merger time to be around
1500 Myr. For run 2.4, we find a merger time of around 1000
Myr. The longest estimated merger time for the IMBH bi-
nary is 6000 Myr for run 3.1. As discussed in Section 5.1,
following a strong interaction with a single IMBH, the bi-
nary eccentricity decreases and the subsequent recoil from
the interaction places the binary in the part of the cluster
where the stellar background density is low and thus the
hardening rate for the binary decreases leading to a longer
merger time. However, given that the timescale for harden-
ing and eccentricity pumping depends on the density and
velocity dispersion of stars around the binary IMBH, in a
denser cluster the time needed for the binary to merge due
to GW radiation could be a lot shorter (Rasskazov et al.
2019).
The GWs emitted by binary BHs as they inspiral are
anisotropic. As the final inspiral occurs in less than one or-
bital period of the binary, the GWs carry away linear mo-
mentum. In order to compensate for this, the merged BH ac-
quires a GW recoil kick (Fitchett 1983; Wiseman 1992). The
magnitude of this recoil kick depends strongly on the mass
ratio of the merging BHs and their relative spin magnitudes
and orientations (Baker et al. 2007; Holley-Bockelmann et al.
2008; Baker et al. 2008; Morawski et al. 2018). For a per-
fectly symmetric binary system, comprising equal mass non-
spinning BHs, the recoil kick will be zero; however, large spin
values with asymmetric orientations can lead to recoil kicks
that can be of order of a few thousand km s−1 (Gonza´lez
et al. 2007; Lousto et al. 2012; Blecha et al. 2016; Fragione
et al. 2018a). Such kicks can eject the merged BH from its
host NSC (Holley-Bockelmann et al. 2008; Campanelli et al.
2007; Gerosa & Berti 2019; Dunn et al. 2020). Mergers with
more extreme mass ratios result in lower recoil kicks, and the
Figure 12. Plot showing the recoil kick as a function of the mass
ratio for 105 merging BHs with a uniform mass ratio distribution.
The black line shows the median value of recoil kicks, as a function
of mass ratio (q).
merged remnant is more likely to be retained in dense envi-
ronments with relatively large escape velocities (Morawski
et al. 2018; Antonini et al. 2019; Rodriguez et al. 2019; Fra-
gione & Silk 2020).
In order to estimate the dependence of recoil kick veloc-
ities on the mass ratio of merging IMBH, we sampled a set
of 105 merging binary BHs with a uniform mass ratio distri-
bution. A spin value was assigned to each BH by combining
the ‘hot’ and ‘cold’ spin distributions provided in Fig. 7 of
Lousto et al. (2012). These spin distributions have a peak
value of about 0.7 and take into account the accretion-driven
growth of the BHs. Given that the binary IMBH in our clus-
ters form dynamically, we assume an isotropic distribution
of spin orientations. For each binary we then estimate the
recoil kicks based on fits to results from numerical relativity
simulations provided by Baker et al. (2008); van Meter et al.
(2010) and average over five different spin orientations for
each binary. The GW recoil velocity as a function of mass
ratio is shown in Fig. 12. We find that for the majority of
the binaries with mass ratio q . 0.15, the median recoil ve-
locities would be of the order . 200 km s−1. In that case,
the merged IMBH could be retained in NSCs where escape
speeds are of the order of a few hundreds of km s−1 (Antonini
et al. 2019; Gerosa & Berti 2019). For higher mass ratios of
the merging BHs, GW recoil velocities can be much higher
due to spin asymmetry leading to a significant contribution
in the recoil kick velocity vector which is perpendicular to
the orbital plane (Baker et al. 2008; van Meter et al. 2010;
Lousto et al. 2012).
For our runs where the mass ratio of the binary IMBH
is less than about 0.15 (as in runs 2.2 and 2.3), the likeli-
hood for the merged remnant to receive a low kick and be
retained in a dense NSC will be higher. These are also the
runs in which GW radiation merger times for the binaries
are the shortest. For higher mass ratios, the likelihood for
the merged BH to be ejected out of the NSC will increase.
This process can result in the ejection of the IMBH from an
NSC. Therefore, GW recoil kicks have an important conse-
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quence on whether or not an NSC can retain an IMBH that
can go on to seed an SMBH (Merritt et al. 2004; Volonteri
2007).
Similarly, GW recoil kicks are also important from the
point of view of forming IMBHs in dense stellar clusters. If
the initial seed BH forms from the collapse of a massive star
created through runaway collisions and is of the order of a
few hundred solar masses then the likelihood of retaining the
seed following mergers with lower mass stellar BHs will be
higher (Baker et al. 2008; van Meter et al. 2010; Morawski
et al. 2018). However, depending on initial spin distributions
of BHs, slow growth of a low mass seed BH through mergers
with other stellar mass BHs of similar mass is likely to eject
the seed from the cluster which will inhibit IMBH formation
(Rodriguez et al. 2019; Gerosa & Berti 2019).
6.2 2+1 Scattering
Here we consider the effects of a binary-single encounter be-
tween three IMBHs and the consequences these interactions
can have on the retention of IMBH in the merged cluster.
Such encounters occur in our run 3.1 and could potentially
result in the escape of one or multiple IMBHs. Here we esti-
mate the recoil velocities that can come out of such interac-
tions and under which circumstances could all three IMBHs
be potentially removed from the NSC.
If we assume that we have a hard binary IMBH that
has a binding energy which is much larger than the kinetic
energy of the single IMBH that it encounters, then by con-
serving energy and momentum in the rest-mass frame of the
encounter, we can estimate the resulting recoil speed of the
binary to be
Vbin =
√
α
m1m2m3
(m1 + m2) (m1 + m2 + m3)
· 1
a
· 30 km s−1 (6)
where m1 and m2 are the masses of the binary components
and m3 is the mass of the single. The masses are in units
of M and a is the semi-major axis of the binary in units
of AU. α is the fractional change in the binding energy of
the binary following the interaction, i.e, ∆Eb/Eb. For a hard
binary, α is proportional to the ratio between the mass of
the single and the mass of the binary.
For the 3.i runs, the component masses of the binary
IMBH are m1 = 1000 M, and m2 = 500 M, and the mass
of the single IMBH is, m3 = 200 M. Taking α = 0.1 (Hills
1983), the binary recoil velocity can be expressed in terms
of the semi-major axis of the binary as
Vbin = 59.41 km s−1
√
1
a
(7)
In the context of runs 3.i, for the inner binary IMBH to
receive a significant recoil kick (> 50 km s−1) in an interaction
with the 200 M IMBH, its semi-major axis should be at
most 1.4 AU. For a higher α value of 0.3, this semi-major
axis would be 4.2 AU. However, the 200 M IMBH is more
likely to be ejected out before the semi-major axis hardens
to reach such a small separation and this is shown in all the
3.i runs. In runs 3.1 and 3.3, we find that the single IMBH
is ejected from the cluster following a strong encounter with
the binary IMBH at a time when the binary semi-major axis
values are 50 AU and 200 AU.
If an additional IMBH is delivered to the NSC while
the binary IMBH has hardened to about an AU, then a
binary-single scattering could result in significant recoil ve-
locity for the binary IMBH and this can potentially eject all
three IMBHs from a NSC (Gu¨ltekin et al. 2006) with escape
velocities of the order of several tens of km s−1. However, ac-
cording to Equation 5, the GW radiation merger time for a
binary IMBH with component masses of 1000 M and 500
M, with a separation of 1 AU and an eccentricity of 0.9, is
around 1 Myr. This merger timescale for the binary IMBH is
much shorter than the expected injection frequency of an ad-
ditional IMBH into the NSC which may occur on timescales
of about a 100 Myr to up to 1 Gyr. Therefore, the likelihood
of a single IMBH to encounter the binary IMBH while it
is hard enough to get a significant recoil velocity is small.
The most likely outcome of an interaction between the bi-
nary IMBH and a single IMBH is either ejection of the single
IMBH or its exchange with one of the binary components.
Interactions between a binary IMBH and another IMBH
can influence the eccentricity evolution of the binary de-
scribed in Section 4.1. In run 3.1, we found that the merger
time for the binary IMBH becomes longer following an in-
teraction with the third IMBH which leads to ejection of
the latter. This interaction decreases the eccentricity of the
binary which increases its merger time. In runs 3.i, all three
IMBH were there from the very beginning. However, if the
third IMBH is delivered with a merging cluster after a few
hundred Myr of the formation of the binary IMBH then it
is likely that the binary IMBH has already hardened and
become sufficiently eccentric that it would merge before it
encounters the third IMBH (see Section 6.2).
6.3 Growing seeds to super-massive black holes
We argue that if an NSC forms through mergers of stellar
clusters then it is possible that some of these merging clus-
ters may bring along IMBHs. These IMBHs can potentially
grow in the galactic nuclei in order to become SMBHs. How-
ever, if the merging clusters do not bring along an IMBH
then the nuclei will not contain a seed BH that can grow on
to become an SMBH.
In run 0.1, we showed that the merger of three stellar
clusters without any IMBH can lead to the formation of a
merged cluster with a dense core. Relatively low mass galax-
ies that have NSC masses of the order of few 106 M (like
M33) may have formed their NSC through the merger of just
a few stellar clusters. It is probable that none of these merg-
ing clusters contained an IMBH and therefore no IMBH is
delivered to the galactic nuclei in these galaxies. If one IMBH
is delivered to a galactic nucleus (runs 1.i) then the IMBH
can stay in the nucleus where it can grow by either accret-
ing gas or tidally disrupting stars (Davies et al. 2011; Stone
et al. 2017; Fragione et al. 2018b). The stellar clusters that
merge to form an NSC may also contain gas that could be
be delivered to the galactic nuclei (Davies et al. 2011; Guil-
lard et al. 2016). Additionally, infall of gas into an NSC can
also occur during galaxy mergers (Mayer et al. 2010). Gas
in the NSC can be efficiently accreted by the IMBH (Leigh
et al. 2013; Inayoshi et al. 2016; Sakurai et al. 2017) and
can result in the growth of the NSC by triggering in-situ
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star formation (Neumayer et al. 2020). Such inflow of gas
will also effectively contract the NSC (Davies et al. 2011),
leading to higher central densities which would increase the
rate of tidal disruption events.
Miller & Davies (2012) argued that in dense NSCs with
velocity dispersions larger than 40 km s−1, binaries will be
unable to support against core collapse which will lead to
the runaway growth of BHs. Stone et al. (2017) showed
that in such NSCs, stellar BHs can become more massive
by growing through tidal capture and disruption of stars.
These tidal disruptions events can effectively grow the mass
of a BH mass from 102−3 M to up to 105 M (Stone et al.
2017; Alexander & Bar-Or 2017; Sakurai et al. 2019; Alister
Seguel et al. 2020). IMBH can also grow by tidally disrupt-
ing white dwarfs (Rosswog et al. 2009; MacLeod et al. 2016).
In addition to gas accretion, these dynamical processes can
lead to the growth of the seed SMBH to larger masses. Fur-
thermore, if the NSC grows through additional mergers of
stellar clusters or gas accretion this could then replenish the
environment around the seed SMBH.
In our simulated runs with two or more IMBH, we find
that a binary IMBH forms. The binary IMBH scatters away
stars and becomes more eccentric with time (Section 4.1).
Due to this increased eccentricity, the binary can efficiently
merge due to GW radiation. As discussed in Section 6.1,
after such a merger, the merged IMBH can receive a signif-
icant recoil kick which can be up to a few thousand km s−1
and can eject the IMBH from the NSC. This can remove
the seed SMBH from the merged galaxy. However, if the re-
coil kick velocity is less than the escape speed of the NSC
then the merged IMBH can be retained. The recoil velocity
is lower for merging BHs with more extreme mass ratios.
Therefore, if the initial seed IMBH in an NSC can grow its
mass through gas accretion and/or tidal disruption of stars
then the likelihood of retaining the seed following subsequent
mergers with lower mass IMBHs will be higher (Blecha et al.
2011). These mergers can also contribute to the growth of
the seed SMBH in the NSC.
6.4 Caveats and limitations
In this subsection, we discuss the main limitations of our
simulated runs and discuss how those limitations may influ-
ence the results presented in this paper.
For our merging stellar clusters, we use a limited mass
function with stars not more massive than 2 M. The main
sequence turn-off age for 2 M stars is about 800 Myr for a
metallicity of Z = 0.001. Up to few hundred Myr of cluster
evolution may be needed to form an IMBH of around a 1000
M in the individual cluster models that were merged to-
gether and by this time stars with a mass larger than 3 M
would have already evolved. Therefore, the average mass of
stars would still be significantly smaller than the mass of
the IMBHs in the cluster. It can be expected that many of
the stellar-mass BHs that form in these clusters are ejected
due to natal kicks or have merged with the IMBH (Leigh
et al. 2014; Giersz et al. 2015). However, it is possible that
there may still be stellar mass BHs retained in the cluster at
the time when the clusters fall in and merge. The inclusion
of stellar-mass BHs in the initially merging clusters could
potentially influence the eccentricity evolution of the binary
IMBH discussed in Section 4.1 through strong dynamical
interactions with the binary IMBH. We will investigate the
influence of including stellar-mass BHs within our merging
stellar cluster models in a future study.
For simplicity, we did not consider any primordial bina-
ries in our merging cluster set-up. Stars in primordial bina-
ries may not have a significant influence on the segregation
and formation of a binary IMBH. However, stellar-mass BHs
in binaries could strongly interact with IMBHs as they seg-
regate to the cluster centre. The MOCCA models described
in Section 3.1 that do form an IMBH contain both primor-
dial binaries and BHs. These BHs either merge with the
IMBH or are ejected out of the cluster through dynamical
interactions (Giersz et al. 2015).
Additionally, our merged stellar clusters are not of the
same size or density as NSCs observed in galaxies like M33
or the Milky Way. The estimated upper limit for mass of
the NSC in M33 is 2× 106 M (Kormendy & McClure 1993;
Graham & Spitler 2009) and Gordon et al. (1999) found the
mass of the M33 NSC to be about 7 × 105 M. To keep a
manageable number of stars in our simulated runs, we had
scaled down the initial mass of the merging clusters and
their initial densities were of the order of 103 M pc−3. It
can be expected that the clusters merging with the galac-
tic centre will be more massive and dense (Hartmann et al.
2011; Antonini et al. 2012). Having more dense and mas-
sive clusters with larger escape velocities will increase the
likelihood of those clusters forming and retaining an IMBH
(Antonini et al. 2019). Higher stellar density and velocity
dispersion will also increase the hardening rate (Rasskazov
et al. 2019), hence decreasing the time needed for the binary
IMBH to merge due to GW emission. Additionally, it would
also lead to faster growth of the seed SMBH in the NSC
(Stone et al. 2017) as discussed in Section 6.3.
7 CONCLUSIONS
In this paper, we have considered the idea that an NSC forms
first and that the SMBH grows later. In this scenario, the for-
mation of an NSC occurs through mergers of stellar clusters
in a galactic nuclei. Some of these clusters may have formed
IMBHs in them through dynamical processes described in
Section 3.1. As the clusters merge, those IMBH(s) are deliv-
ered to the galactic nuclei where they can potentially grow
and become seed SMBHs (Ebisuzaki et al. 2001).
In order to investigate the viability of this scenario, we
simulated the final stages of an idealized merger of three
stellar clusters to form a merged cluster using N -body sim-
ulations. We consider a range of cases where various com-
binations of the three merging clusters can contain IMBHs.
In our simulated runs, we have a hierarchy of masses in
the merging stellar clusters: the mass of the IMBH (100-
1000 M) is smaller than the mass of the three merging
stellar clusters (up to 8 × 104 M) and the masses of stars
(0.5 to 2.0 M) in our cluster are smaller than the IMBH
mass (M?  Mimbh  Mcluster). Additionally, there is no
pre-existing SMBH in our simulations.
Since Mimbh  Mcluster, the properties of the merged
cluster are not significantly influenced by the presence of an
IMBH. For runs that do contain an IMBH, the timescale
for segregation of the IMBHs to the merged cluster centre is
independent of their mass. Additionally, given that Mimbh 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M?, this leads to efficient segregation of the IMBH(s) to the
centre of the merged cluster due to dynamical friction.
For our runs with two or more IMBHs, we find that the
IMBHs sink to the centre of the merged cluster (within 30 -
80 Myr) resulting in the formation of a binary IMBH. This
binary hardens by scattering stars and becomes significantly
eccentric in the process. Due to this increase in eccentricity,
the time needed for the binary to merge due to GW emission
decreases significantly. We found that the time needed for
the merger of the IMBH binary ranges from several hundred
Myr to a few Gyr. As discussed in Section 6.1, the retention
of the merged IMBH will depend on the magnitude of the
GW recoil kick. These kicks depend on the mass ratio of the
merging BHs, and their spin magnitudes and orientations.
We argue that the merged BH can be retained in typical
NSCs provided that the mass ratio of the merging IMBH
is low (q . 0.15), otherwise gravitational recoil kicks can
be larger than a few hundred km s−1 and can remove the
merged BH from the NSC. Additionally, if the binary IMBH
dynamically interacts with a third IMBH within the NSC
then this can lead to the ejection of the third IMBH or,
in an unlikely case, the ejection of all three IMBHs. Given
these different outcomes, NSCs constructed through merging
clusters will either contain no seed BHs or they will retain
a single seed IMBH that can further grow to become an
SMBH.
This scenario would naturally explain the absence of
SMBHs in galaxies like M33, where there was either no seed
SMBH in the NSC to begin with or the product of the merger
of two IMBHs was ejected due to GW recoil kicks. In massive
galaxies with more massive NSCs, a higher number of clus-
ters could have merged with the NSC which would increase
the likelihood of delivering an IMBH which could then grow
on to become an SMBH. In a companion paper, we model
the build up of NSCs for a population of galaxies by merg-
ing stellar clusters. In these NSCs, we consider the retention
and subsequent growth of seed SMBHs through GW merg-
ers of IMBHs and subsequent gas accretion. Moreover, we
check the consequences of these results on the observed de-
mographics of NSCs and the occupation fraction of SMBHs
in galaxies.
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